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By Willism H. Gowan, Jr., and Donald R. Mulholland

SUMMARY

Icing and drag investigations were conducted in the NACA Lewis
icing reseaerch tumnel employlng = combination thermal ~pneumatic de-licer
mounted on a 42-inch-chord NACA OCL8 airfoil. The de-lcer consisted of
a 3-inch-wide electrically heated strip symmetrically located sbout the
leading edge with inflatable tubes on the upper and lower airfoil sur-
faces aft of the heated area. The entire de-icer extended to approxi-
mately 25 percent of chord.

A meximum power density of 9.25 watts per square inch was required
for marginal ice protection on the alrfoll leading edge at an air tem-
perature of O° F and an airspeed of 300 miles per hour.

Drag measurements indicated that without icing, the de-icer
installation increased the section drag to approximately 140 percent
of that of the bare airfoil; with the tubes inflsted, this wvalue
increased to a maximum of approximately 620 percent. A Z2-minute
tube-inflation cycle prevented excessive ice formation on the inflat-
able area although small scattered residual ice formations remained
after inflation and were removed intermittently during later cycles.

Effects of the time lag of heaster temperatures after initlal appli-
cation of power end the insulating effect of ice formations on heater
temperatures were alsc dsiermined.

INTRODUCTION

In the past, most of the commercial ice-protection egulpment used
on airplane wings hes been of the pnewmatlc type or, in soms ceases,
electrically heated boots; more recently, a hot-ges system has been
used. The pneumatic type provides icing protection without necessi-
tating a large supply of electric power, as is required for am electric
system but a larger drag loss results and some ice foimation must be
tolerated to permit cyclic ice removal using the inflatable tubes. The
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cap of lce that forms at the leading edge of the airfoll during icing

conditions ig very difficult to remove and during most cyclic electric

dg-icing operations is removed only with special provision. A thermal *
and pnewmatic de-icing system was therefore devised to provide elec-

tric icing protection at the leading edge with cyclic pneumatic pro-

tection rearward on both airfoil surfaces. '

The investigation of the thermal-pnewmatic system was conducted
in 1945 in the NACA Lewls icing research tummnel at the request of the
Air Materiel Commend and the information is being made more generally
available because of the lInguiries that have been received regarding
this type system. The study was made to determine the aerodynamic per-
formance of the bare airfoil as compared with the airfoil with de-icer
installed, using inflated and deflated conditions of the pneumatic
tubes, The effectiveness of the wnilt as a satisfactory de-icer was
also determine@ together with the electric-heating requirements at the
leading edge of the airfoil., The results presented apply to a specific
installation and are nol necessarily representative of all systems of
this general type. o

APPARATUS

The experimental thermal-pneumatic de-icer was installed in the
icing research tummel on an NACA 0018 alrfoil having a chord of 42 inches .
and a span of 36 inches. The airfoil was mounted from the celling of-
the throat section (fig. 1) approximately 1l feet downstream of a spray
gtrut that atomlzed water to produce an icing cloud.

The inflation and deflation of the pneumatic de-icer tubes wes
controlled by & snap-actlon sclencld distributor velve; a vacuum pump
was connected to the exhaust side to prevent auto inflation due to a
pressure differential between the inside and the outside of the de-icer

tubes.

Construction of ds-icer. - Details of the installatlion and con-
struction of the de-icer are shown in figure 2. The de-licer was approxl-
mately 0.1 inch thick and consisted of an electrically heated strlp

3 inches wlde and 33% inches long cemented aymmetrically sbout the

leading-edge chord line, with 32 inflatable tubes extending spanwise

and spaced on approximately 13/16-inch centers, 16 on elther side of

the ailrfoll adjacent to the electrically heated area. The inflatable
tubes were made of neoprens-covered stretchable nylon fabric, requiring
an air pressure of from 25 to 30 pounds per square inch-for ;nflation.
The tubes were 3/4 inch wide and extended rearward to approximately
25-percent chord. The air supply was valved to allow alternate inflation
of sdjacent tubes (primery and secondary) on both sides of the airfoil.

The heater element consisted of number 34 chromel wires located
approximately 0.020 inch from the external surface, wlth several
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thicknesses of glass fabric and neoprene on either side of the wire,
as shown in flgure 2. The wire elements were speced chordwise ab
1/8~inch intervals.

" Instrumentation. - Two groups of three thermocouples sach were
mounted at the midspen position on the airfoll between plles of the
heater to indicate the heat flow inwerd and outwsrd. One group of
thermocouples was located at the leadling edge and the other spproximately

l% inch from the leading-edge center line. Each group consisted of a

thermocouple on the outside surface, one adjacent to & heater wire, and
one on the alrfcoil skin under the heater.

Temperatures were measured on an sutomatlc flight recorder and a
recording wettmeter was used to meassure the power to the heating ele-
ment. A weke rake, installed in the tumnel about 10.5 inches (25-percent
chord) downstresm of the airfoil, was employed to measure the aserodynamic
drag of the sirfoil as affected by the de-lcer installation snd by lce
accretion on the model.

CONDITIONS AND PROCETURE

Aerodynamic investigation. - The asrodynamic portion of the inves-
tigation to obtain drag messurements was conducted on the alrfoil model
with and without the de~icer instaslled. The experiments were conducted
at airspeeds of 150 and 250 mliles per hour and at an angle of attack
of 0°. With the de-icer installed on the airfoil, data were taken for
the following conditions: (1) tubes deflated with no ice, (2) tubes
deflated with ice, (3) primary tubes inflated with no ice, and (4) sec-
ondary tubes inflated with no ice. Drag values were cbtained from pres-
sure measurements taken in the wake of the airfoil by applying the
momentum method used in reference.l. Although the drag values messured
were not evaluated for cross-flow effects, these effects probably would
not materially alter the over-all conclusions regarding the drag charac-
teristics of this ice-protection system.

Determination of minimum power densitles required for marginal
icing. - The icing investigatlion was conducted using a simulated icing
cloud, which contained an effective droplet size of approximately
35 microns based on volume meximum end a liguid-water content of
approximately 2 grams per cubic meter measured at an airspeed of
200 miles per hour. This condition caussed lcing over the entire area
of the de-icer and 1§ considered sn extrems meximum iclng condition,
which probably would be expetrienced in the atmosphere only intermit-
tently; therefore, this condition is considered a severe test for the
de-icer. Angles of attack of O° and 4° were employed and airspeeds
were varied from 150 to 300 miles per hour with air temperatures of
0%, 10°, and 20° F.
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A minimum power density to the leading-edge heater was obtained
for each condition by sufficiently reducing an initisl excess power
during a stabilized ilcing comdition to allow only a trace of ice to
form over the heater. Thie condition thus prevented formation of an
ice cap over the leading edge, which is difficult tc remove and is con-
ducive to heater fallure becauwse of overheating under the ice. With
minimum power density therefore, a maximum water flow occurred from the
heater rearward onto the inflateble section where 1t was frozen and
removed by pulsations of the tubes.

Cycle~time experiments resulted in the selection of a. 2-minute
inflation cycle. Primary and secondary tubes {flg. 1) were alternately
inflated in succession to full inflation, which required aspproximately
7 seconds per set of tubes; all tubes were deflated during the remsin-
ing 108 seconds of the cycle. ' ’

A serles of tlme-btempersture studiea of the heater were obtained
during & nonicing condition at an airspeed of 250 miles per hour, an
air temperature of 14° F, and a power deneity to the heater of 5.2 watts
per sguare inch. Temperatures at eech of the six thermocouple locations
in the heater were recorded at approximately 26-second intervals through-
out the heat-on period of the power cycle.

RESULTS AND DISCUSSION

The investigation of the de-icer included only sufflclent data to
establish the effectiveness of the de-icer operation and some evidence
of the peneltles to be expected with the use of such a system. Msasure-
ments for extensive correlation and enalyticsl study were not obtained.

Drag values calculated from total-pressure measurements show that
at 280 miles per hour and an angle of attack of 0°, installation of
the de-icer without tube Inflation resulted in a drag increase 140
psrcent greater than that of the bare alrfoll during nonicing con-
ditions. When the secondary tubes were inflated, the drag increased
0 470 percent of that of the bare airfoil and, with the primery
tubes inflated, this value was increased to 620 percent. Previous
investigation (reference 2) of the increase in drag caused by three
inflated tubes loceted near the leading edge of an NACA 23012 elir-
foll mectlon showed a meximum drag incresse of 136 percent of the barse
airfolil drag at 270 miles per hour, The entlre de~ilcer covered approxi-
mately 6.5-percent chord as compared with 25-percent-chord coverage
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for the model discussed hereiﬁ. In consldering the drag increases caused
by tube inflebtion, however, normal operation would cause such penalties
Intermittently for only short perlods of time.

Observations of the de-icer during both operation of the elec-
trically heated leading-edge mection and cyclic operation of the inflat-
able tubes showed that with merginal electric power applied to the
thermal section operation of the inflateble tubes did not completely
remove the ice formetions on the pnewmsatic section of the de-icer. Very
gmall lce formations sdhered to the fillet strips between tubes at
scattered polnts along the span but were always removed before resasching
excesslve silze. Any localized ice formation that was not removed by
one or two inflation cycles was usually completely removed by & third
inflation cycle. Drag meesurements indicabed that with complete icing
protection on the thermel section, scattered residusl ice formations
on the pneumatlc section after an Inflation cycle produced losses
approximately equal to the losses caused by lce that formed during the
remeinder of the cycle. Operation of the tubes, however, dld satls-
factorlily prevent cumulative formations of ice and excessive drag.

The effect of icing on drag with veristions in power density of
the heaster but without operation of the pnewmatic system 1s shown in
figure 4 for airspeeds of 150 and 250 miles per howr and air tempera-
tures of O° and 20° F.

At O° F and 250 miles per hour, 7.5 watts per square inch was
ingufficient for merginal ice protection on the leading-edge area so
that after 5 minutes of icing, the power denslty was increased to
8 watts per square inch, which caused shedding of ice but only after
considerable ice build-up. At an air temperature of 20° F, 3.0 watts
per square inch was sufficient to cause shedding of ice with a result-
ant decrease in drag after 5 minutes of icing.

With a reduction of alrspeed from 250 to 150 miles per hour at an
alr tempsrsture of 20° ¥, 3.0 watts per square lnch was excessive =nd
efter 10 minutes of icing, the power density was reduced to 2.0 watts
per squere inch. Affer 16 minutes the power density was further reduced
to 1.75 watts per square inch without reaching a marginal iclng con-
dition. With an =additionsl reduction 1in power demsity to 1.5 watts per
sduare inch, however, excessive lcing occurred.

A conslderable lag was found to exist in the effective shedding
of ice from the heated leading-edge area after the power was applied
for all conditions of power density. A time history of temperatures
through the heater at the leading-edge mldspan poslition during an
applicetion of power is shown in figure S. These results were obtained
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during = nonicing perlod at an airspeed of 250 miles per hour, an air
temperature of 14° F, and a power density of 5.2 watts per square inch.
The surface and wire temperstures stablilized in approximately 100 sec-
onds and the airfoll-skin temperature required approximately 240 sec-
onds. These results indicete that the outer surface of the de-icer
responds rather guickly to the application of heat but that the air-
foll skin because of 1ts large metal msss requires additionsl time to
reach thermal equilibrium. The drag messurements shown in figure 4
indicate that even though the surface temperature stabllizes in 100 sec-
onds so. that the inner face of the lce 1s melted, several additional
minutes are required to produce actual shedding of the ice. Observation
of an iced surface over a heater reveals erratic movement of water under
the lce long before the ice cap becomes sufficiently unbalenced to shed
or for the heat to melt through the ice to initilate shedding.

The power densitles required for marginel icing protection with
variation in airspeed at alr temperatures of 0°, 10°, and 20° F are
shown in figure 6. These data were taken at an angle of attack of 4°
except one condition at 10° 7, which was teken at O° angle of attack.
A meximum power density of 9.25 watts per square inch was fgund neces -~
sary for marginal ice protection at an air temperature of O  F and an
airspeed of 300 miles per hour. As alrspeeds decressed and air tem-
peratures increased, power dengities decreased. Measurements of
nmarginal power densitles at 10° F indicate that .a change in angle of
attack from O° to 4° has negligible effect on the power requirements.

Measurements of temperature on the external surface and withlin the
heater, as shown Iin figure g, were obtained during icing conditlons and
et an air temperature of 10 F. The first evidence of lce wes observed
to occur directly over the leading-edge thermocouples. In every case
except at the lowest power density (fig. 7(d)), the de-icer outer
surface and wire temperatures were higher than those temperatures meas-
ured on the airfoll skin. The airfoil-skin temperatures for each group
of thermocouples were approximately equal even though a lerge gradlent
existed between the wire tempersture at the two locations. This
"leveling out" of the skin temperatures is attributed to the high con-

ductivity of the metal.
SUMMARY OF RESULTS
The following results were obtained from an iclng Iinvestigation

conducted in the NACA Lewls ilcing resesrch tumnel using & thermal-
pneumetic de-icer mounted on & 42-inch-chord NACA OO18 airfeoil.
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1. Excessive ice formation was prevented on the inflastable areas
when the pneumatic tubes were operated on a 2-minute inflation cycle
with continuous electric heating at the leading edge.

2. During nonicing conditions the installation of the de-icer with
no tubes inflated resulted in a drag increase approximately 140 percent
greater than that of the bare airfoil. This value increased to &
maximim of epproximately 620 percent with tube inflation.

3. With complete lcing protection on the leading-edge thermal
sectlon of the de-icer snd with the tubes operating on e 2-minute
infletion cycle, drsg measurements indlicated that scattered residual
ice formations on the pneumstic section after an inflastion cycle
produced drag losses approximastely equal to the drag incurred by ice
that formed during the remainder of the cycle.

4. A maximm power density of 9.25 watis per square inch wes
required for marginel ice protection of the airfoil lesadling edge at
an air tempersture of O° F and an airspeed of 300 miles per hour.

5. After an initial epplication of power to the thermal section,
approximately 100 seconds were required for stabilizatlon of the sur-
face temperetures with several additional minutes required for effec-
tive shedding of leading-edge lce formations.

6. With marginal power densitles, small lce formations over the
heated area effectively insulated the surfece so that the surface
temperatures were in some cases increased fer above freezing before
shedding of ice occurred.

Lewls Flight Propulsion Laboratory,
Natlonal Advisory Committee for Aeronautics,
Cleveland, OChilo.
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Pigure 1, - Tumel installation of thermal-pneumatic de-icer mounted or NACA 0018 airfoil
showing secondery tubes inflated.
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Figure 2, - Constructlion and inatalletion details of thermal-pneumatic de-icer mounted om
. ) 42-inch-chord NACA 0018 airfoll. '
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